Heparin-binding epidermal growth factor (EGF)-like growth factor (HB-EGF) is activated by reduced endothelial shear stress and stimulates smooth muscle cell proliferation in vitro. Moreover, HB-EGF is augmented at sites of intimal hyperplasia and atherosclerosis, conditions favored by low/disturbed shear stress. We thus tested whether HB-EGF contributes to low flow-induced negative hypertrophic remodeling (FINR) of a mouse carotid artery. Blood flow was surgically decreased in the left and increased in the right common carotid arteries. After 21 days, the left carotid artery exhibited lumen narrowing, thickening of intima-media and adventitia, and increased circumference that were inhibited by Ϸ50% in HB-EGF ϩ/Ϫ and Ϸ90% in HB-EGF Ϫ/Ϫ mice. FINR was also inhibited by the EGF receptor inhibitor AG1478. In contrast, eutrophic outward remodeling of the right carotid artery was unaffected in HB-EGF ϩ/Ϫ and HB-EGF Ϫ/Ϫ mice, nor by AG1478. FINR-induced proliferation and leukocyte accumulation were reduced in HB-EGF Ϫ/Ϫ . FINR was associated with increased reactive oxygen species, increased expression of pro-HB-EGF and tumor necrosis factor ␣converting enzyme (pro-HB-EGF sheddase), increased phosphorylation of EGF receptor and extracellular signal-regulated kinase 1/2, and increased nuclear factor B activity. Apocynin and deletion of p47 phox inhibited FINR, whereas deletion of HB-EGF abolished nuclear factor B activation in smooth muscle cells. These findings suggest that HB-EGF signaling is required for low flow-induced hypertrophic remodeling and may participate in vascular wall disease and remodeling. (Circ Res. 2008;102:1275-1285.) 
V ascular remodeling is directed by signals from vascular wall and blood-borne cells in response to changes in pressure, flow (shear stress), cyclic strain, and pathological processes. 1 High flow-induced positive remodeling (eutrophic vessel enlargement) and low flow-induced negative remodeling (FINR) (hypertrophic vessel narrowing) are important during normal embryonic and postnatal growth and use-dependent hypertrophy and atrophy of tissues. 2 Flowinduced proliferation and remodeling are also important in atherosclerosis, intimal hyperplasia, restenosis, and bypass graft failure. 3, 4 For example, branch points that are normally exposed to low and disturbed (oscillatory) shear stress are susceptible to lipid accumulation, smooth muscle cell (SMC) proliferation, and atherogenesis. [3] [4] [5] Altered shear stress on endothelial cells (ECs) initiates flow-remodeling mediated by mechanosensitive elements and downstream signals including, proinflammatory pathways (eg, nuclear factor [NF]-B). 4, 6, 7 In fact, chronic low shear is known to promote endothelial dysfunction in arteries, characterized by increased reactive oxygen species (ROS) generation, reduced bioavailability of NO, and increased prothrombotic, proinflammatory, and promigratory factors. 5, 8 Areas of disturbed shear stress have reduced barrier function, increased lipoprotein uptake, and increased adhesiveness for leukocytes 5 that contribute, along with ECs and SMCs, to increased local ROS generation. 8 Study of vessel restructuring is largely confined to in vivo models; thus, many of the underlying mechanisms are not well understood. In mouse, 9, 10 FINR of the carotid artery can be produced by ligating all of its distal branches except the thyroid or occipital arteries, which strongly reduces blood flow and shear stress. 9, 10 The low and hyperoscillatory shear stress induces intima-media hyperplasia, wall hypertrophy, and lumen loss. Korshunov et al reported that Axl-mediated inhibition of apoptosis contributes to FINR, 7 whereas Sullivan and Hoying found that FGF2 deletion had no effect. 9 Yu et al showed that endothelial NO synthase and NO protect against FINR, whereas caveolin-1 promotes FINR, possibly as a mechanoelement. 11 In mesenteric artery, Bakker et al linked FINR and tissue transglutaminase. 12 We recently reported that ␣ 1 -adrenergic activity contributes strongly to FINR 13 and, in other studies, that the trophic action of ␣ 1 -adrenergic stimulation on vascular SMCs is mediated by HB-EGF transactivation of the EGF receptor (EGFR). 14 Certain other G protein-coupled receptors (GPCRs) and receptor tyrosine kinases potentially involved in FINR may also signal through HB-EGF. 15 Membraneanchored pro-HB-EGF is cleaved by the metalloproteinase ADAM17 16 (tumor necrosis factor [TNF]-␣-converting enzyme [TACE], the major sheddase for HB-EGF) 17 and by matrix metalloproteinases (MMPs). 18 Soluble HB-EGF binds ErbB1 (EGF receptor [EGFR]) and ErbB4 18 and stimulates SMC and fibroblast proliferation and migration with potencies comparable to platelet-derived growth factor-B. 18 Pro-HB-EGF is induced by low shear stress in cultured ECs 19 and at aneurysms in vivo. 20 Balloon injury also activates HB-EGF in media and neointimal cells, 21 and neutralizing antibody to EGFR reduces medial SMC proliferation and intimal hyperplasia. 22 HB-EGF-dependent transactivation of EGFR by certain GPCRs, ie, the angiotensin II type 1 receptor, 15, 23 contributes to vascular remodeling, which may result from increased GPCR signaling produced by EC dysfunction. 3, 4 Atherogenesis has been associated with increased HB-EGF activity. Plasma HB-EGF is elevated in coronary artery disease. 18 Proliferation of SMCs induced by remnant lipoproteins is accompanied by HB-EGF shedding and EGFR transactivation. 24 HB-EGF induces expression of oxidized LDL receptor-1, 25 is released by activated leukocytes, especially macrophages, and is further elevated by oxidized LDL. 25 Expression of pro-HB-EGF, EGFR, and TACE is increased in shoulder regions of atheromas. 17, 26 Collectively, these findings suggest HB-EGF may be a key signaling nexus in vascular trophic responses to disturbed shear stress, GPCR signaling, injury, and atheroinflammation. Thus, the purpose of the present study was to test the hypothesis that HB-EGF signaling contributes to flowmediated remodeling.
Materials and Methods
Wild-type littermates and mice targeted for EGFR ligands (C57Bl/ 6x129Sv background) are detailed in the expanded Materials and Methods section in the online data supplement at http://circres. ahajournals.org. The left external carotid, internal carotid, and occipital arteries were ligated, with the thyroid artery left intact. Carotid arteries were harvested 21 days later. Administration of AG1478-mesylate 27 was via minipump, and administration of apocynin was via drinking water. Carotid arteries were maximally dilated and perfusion-fixed for histology. In situ ROS detection was by dihydroethidium or MitoTracker Red. Real-time RT-PCR used 18S for normalization. Leukocyte chemotaxis to 4-O-tetradecanoyphorbol-13-acetate (TPA) was by transwell assay using cells harvested from the peritoneum 4 days after thioglycollate.
Results

Flow-Induced Negative Hypertrophic Remodeling Is Dependent on HB-EGF Signaling
Twenty-one days after ligation, the left carotid artery of wild-type mice exhibited a 28% decrease in lumen area, 325% and 142% increases in intima-media and adventitia thickness, respectively, and a 12% increase in circumference of the external elastic lamina ( Figures 1A and 2A ). Flowinduced negative hypertrophic remodeling (FINR) was partially inhibited in HB-EGF -/ϩ mice (excepting lumen reduction), which express Ϸ50% less HB-EGF, 28 and further inhibited in HB-EGF Ϫ/Ϫ mice (Figure 2A ), suggesting that HB-EGF mediates FINR in a dose (allele)-dependent manner. Increased right carotid flow caused eutrophic outward remodeling ( Figure 2B , control group). Outward remodeling was unaltered in HB-EGF ϩ/Ϫ or HB-EGF Ϫ/Ϫ mice ( Figure 2B ), which provides an internal control for specificity.
We also evaluated amphiregulin and betacellulin, other EGF family ligands that bind EGFR. Pro-amphiregulin, like pro-HB-EGF, is proteolytically cleaved by TACE to yield mature growth factor, whereas betacellulin is shed by ADAM10 18 . Neither FINR nor right carotid outward remodeling was altered in amphiregulin Ϫ/Ϫ or betacellulin Ϫ/Ϫ mice ( Figure 2 ). These results underscore the specificity of HB-EGF in FINR.
Control for Cardiac Hypertrophic Phenotype in HB-EGF ؊/؊ Mice
HB-EGF Ϫ/Ϫ mice are born with cardiac valve deformities, modest reduction in lung alveolar number and increase in pulmonary interstitial tissue. 29 The valvulopathy leads, with varying penetrance, to stenosis, cardiac hypertrophy, and progression to heart failure with aging. 29 No effects have been associated with the pulmonary changes. 29 Heart failure could affect FINR through hemodynamic and/or humoral disturbances. However, we did not find any evidence of heart failure. (1) In a separate experiment, electromagnetic flowmetry (Transonic) in isoflurane-anesthetized 4.5-month-old mice showed that carotid flows were comparable in wild type and HB-EGF Ϫ/Ϫ before and after ligation ( Figure 1B ), in agreement with their similar arterial pressures (see below).
(2) We also correlated heart and lung weight with FINR 21 days after ligation in several strains ( Figure IA in the online data supplement). Only HB-EGF Ϫ/Ϫ mice had cardiac hypertrophy. However, this was without pulmonary edema, ie, lung dry/wet weight in wild type was 0.086Ϯ0.0024 and in HB-EGF Ϫ/Ϫ was 0.079Ϯ0.006 (Pϭ0.30; nϭ5 each), which were comparable to the other groups (supplemental Figure  IA) . The small increase in dry weight in HB-EGF ϩ/Ϫ and HB-EGF Ϫ/Ϫ likely reflects the phenotypic increase in pulmonary interstitium. 29 (3) We previously reported 30 similar heart/lung data in HB-EGF Ϫ/Ϫ mice that were older (5 months), in which cardiac hypertrophy was greater (74% versus the 56% in supplemental Figure IB) , and arterial pressure, heart rate, and renin-angiotensin activity in conscious unrestrained and anesthetized states were not different from sham-treated wild-type littermates, arguing against heart failure. These and the present results indicate that the HB-EGF Ϫ/Ϫ mice studied herein had compensatory hypertrophy that had not progressed to congestive heart failure. (4) This conclusion is supported by comparable percentage decreases in body weight before versus 3 weeks after surgery in wild type (Ϫ1.5Ϯ2.6%) and HB-EGF Ϫ/Ϫ (Ϫ1.9Ϯ1.3) (Pϭ0.99). (5) Moreover, no correlations were present between any parameter of FINR and the amount of cardiac hypertrophy in HB-EGF Ϫ/Ϫ (supplemental Figure IB) . (6) In addition, outward remodeling in the right carotid artery was not affected in any group ( Figure 2B ). (7) Lastly and importantly, FINR was partially inhibited in HB-EGF ϩ/Ϫ and AG1478-treated mice (discussed below) despite absence of hypertrophy. Thus, inhibition of FINR by genetic or pharmacological reduction of HB-EGF signaling (Figures 1 and 2A) cannot be ascribed to a secondary effect caused by cardiac hypertrophy.
HB-EGF Expression, EGFR, and Extracellular Signal-Regulated Kinase 1/2 Are Augmented During FINR
The above data support the following pathway: low flow3 HB-EGF3 EGFR3extracellular signal-regulated kinase (ERK)1/ 23hypertrophic remodeling. To examine major elements in this pathway, we first quantified pro-HB-EGF mRNA, as done by others. 17,19 -21,26 Pro-HB-EGF increased 2.2 and 4.7 fold at 36 and 72 hours after ligation ( Figure 3A) . Immunohistochemistry detected increased activity in ECs and diffusely in the media ( Figure 3B ; see supplemental Figure III for positive and negative controls). Because HB-EGF binding to EGFR induces phosphorylation, 18 we measured EGFR phosphorylation. Adult male Sprague-Dawley rats were used rather than mice because of availability of antibodies against rat EGFR and protein quantity required for immunoprecipitation/-blot for results shown in Figures 3B through 3D, 5, and 8A. FINR in rats and mice are similar, 9 however the mechanisms may not be identical.
Phospho-EGFR increased transiently at 36 hours ( Figure 3C and 3D). In normal carotid arteries (sham surgery), immunoreactivity was detected in ECs and medial SMCs close to the lumen, but not adventitial cells which are mostly fibroblasts ( Figure 3C ). However, phospho-EGFR-positive cells were evident in all layers after ligation, including mono/macrophage-like cells in the adventitia and lumen ( Figure 3C ). ERK1/2, which is activated by EGFR and important in vascular wall growth and remodeling, 14 exhibited sustained activation ( Figure 3D ).
Inhibition of EGFR Reduces FINR
HB-EGF binds EGFR (ErbB1) and ErbB4, and ECs and monocytes/macrophages express EGFR, whereas medial SMCs express all four receptors (ErbB1-B4). 18 To examine EGFR involvement, AG1478 mesylate, a highly selective inhibitor of EGFR tyrosine kinase, 15 was administered via subcutaneous mini-pump. Mesylated AG1478 has increased solubility 27 that was further increased by Captisol. 27 AG1478 inhibited intimamedia thickening by 54%, circumference increase by 91%, and adventitial thickening by 58%, but lumen decrease was unaffected ( Figure 3E ). Partial inhibition of FINR may reflect incomplete blockade of EGFR (see Discussion). We did not test a higher dose because body weight declines 27 ; herein it was unaffected. Consistent with results obtained in HB-EGF ϩ/Ϫ and HB-EGF Ϫ/Ϫ mice (Figure 2 ), right carotid outward remodeling was unaffected by AG1478 (data not shown).
HB-EGF ؊/؊ Mice Display Reduced Proliferation and Leukocyte Infiltration
Proliferation and leukocyte accumulation occur early in FINR. 9, 13 Likewise, wild-type mice had increased proliferation in intima, media and adventitia, and leukocyte accumulation in lumen, media and adventitia at day 5, whereas, overall, cell density did not increase (Figure 4 ) because proliferation and apoptosis increase similarly. 13 In HB-EGF Ϫ/Ϫ mice, proliferation in media and leukocyte accumulation in media and adventitia were reduced (Figure 4 ).
HB-EGF and EGFR are expressed by ECs, SMCs, circulating leukocytes and bone marrow hematopoietic cells. 18 It is not known if HB-EGF expression in the latter cells influences circulating leukocytes. Complete blood counts were done to determine whether reduced leukocyte accumulation during FINR in HB-EGF Ϫ/Ϫ mice might arise from diminished plasma levels. No significant differences were found between wild-type and HB-EGF Ϫ/Ϫ in total white blood cells (4.6Ϯ1.0 versus 5.1Ϯ0.6ϫ10 3 /L), granulocytes (0.9Ϯ0.2 versus 0.9Ϯ0.1), lymphocytes (3.0Ϯ0.8 versus 3.7Ϯ0.5) or monocytes (0.7Ϯ0.1 versus 0.6Ϯ0.1) (nϭ5 to 6). To determine whether leukocytes migration is reduced in HB-EGF Ϫ/Ϫ mice to explain reduced accumulation, we examined TPA-induced chemotaxis of leukocytes isolated from the peritoneum. No difference was found in transwell migration between wildtype and HB-EGF Ϫ/Ϫ mice ( Figure 4D ). These data are consistent with evidence that increased local tissue HB-EGF promotes macrophage accumulation 31 and suggest that reduced leukocytes in carotid arteries of HB-EGF Ϫ/Ϫ mice undergoing FINR ( Figure 4B ) extends from lack of HB-EGF production by vascular wall cells. AG1478 or vehicle (Captisol) was administered to C57BL/6xSv129 mice for 21 days after ligation. AG1478 had no effect on positive remodeling of the right carotid artery (data not shown).
Activation of Potential Upstream Effectors of HB-EGF During FINR
The above results suggest that low shear stress activates HB-EGF signaling. To further explore this pathway, we examined TACE, the primary metalloproteinase implicated in HB-EGF shedding. 16 TACE immunoreactivity increased transiently, with a time course that preceded EGFR activation and, like phospho-EGFR ( Figure 3D ), returned to control by day 5 (Figure 5 ). TACE immunoreactivity ( Figure 5 ) also followed a pattern similar to EGFR ( Figure 3C ), ie, staining in the intima and inner layers of the media in sham-ligated carotid artery, as well as in circulating monocytic cells, increased 36 hour after ligation. Like HB-EGF and EGFR, little staining was evident in adventitial fibroblasts. The data in Figures 4 and 6 suggest leukocytes, ECs, and SMCs are involved in TACE3 HB-EGF3 EGFR signaling in FINR.
No studies have examined whether reduced shear stress enhances ROS in vivo, although this has been observed in cultured endothelial cells. 32 We thus examined intracellular ROS by in situ staining for dihydroethidium, which binds ROS and concentrates it in the nucleus. Ligation increased ROS in the low-flow left carotid artery and also, as expected (positive control), 33 in the high-flow right carotid artery ( Figure 6A through 6D). ROS activity in adherent monocytic cells was also evident in the left carotid artery, along with in ECs ( Figure 6C ). However, mitochondrial ROS was not increased ( Figure 6E and 6F; see supplemental Figure III for quantification). Because NAD(P)H oxidase is the major source of inducible ROS in vascular wall cells, we tested FINR in mice receiving apocynin (an inhibitor of oxidase subunit assembly) in the drinking water. Apocynin inhibited intima-media and adventitia hypertrophy and increase in circumference but had no effect on lumen reduction ( Figure 7A ). Essentially identical results were obtained in p47 phoxϪ/Ϫ mice deficient, a regulatory subunit of the oxidase ( Figure 7B ). Similar to the HB-EGF Ϫ/Ϫ , HB-EGF ϩ/Ϫ and AG1478 experiments, outward remodeling of the right carotid artery was unaffected by apocynin or in p47 phoxϪ/Ϫ mice (data not shown). In sham-treated animals, TACE is present in endothelium, inner medial layers, and monocytic cells in lumen (arrow). After ligation, increased TACE is evident in intima, media, and mono-/macrophagelike cells in the adventitia (arrow). This pattern was similar to phospho-EGFR ( Figure 3C ). Data are representative of 4 to 5 sham and 4 to 5 ligated vessels.
Evidence in ECs and SMCs suggests that NF-B is activated by low/disturbed shear stress, 32 ROS, 34 interleukin-8, and TNF-␣ 18 and that these factors increase pro-HB-EGF expression, in part, through NF-B. We thus examined whether NF-B is activated (p65 subunit translocation) during reduced flow. In ECs of carotid arteries with normal flow, p65 immunoreactivity appeared abundant in the cytoplasm but absent in the nucleus (supplemental Figure IV) . However, 6 hours after ligation, nuclear translocation appeared evident. Staining was weak in medial SMCs and adventitial fibroblasts in both normal and low-flow conditions, precluding detection of translocation (supplemental Figure IV) . Because this assay is limited for quantification, NF-B activation in both ECs and SMCs was confirmed with semiquantitative immunohistochemistry for activated p65 (Figure 8A and 8B) .
To determine whether HB-EGF is upstream or downstream of NF-B, we also compared activated NF-B in wild-type and HB-EGF Ϫ/Ϫ mice 5 days after ligation ( Figure 8B and 8C) . NF-B activation in ECs of wild-type and HB-EGF Ϫ/Ϫ were similar; however, activation was reduced in SMCs of HB-EGF Ϫ/Ϫ mice. These data demonstrate that a more rapid and sustained activation of NF-B activation occurs in ECs compared to SMCs during low flow and suggest that HB-EGF may reside, relative to NF-B, downstream in ECs and upstream in SMCs.
Discussion
Evidence suggests flow-induced arterial remodeling involves factors released from cells that are intrinsic to the vessel wall and recruited from the bloodstream. Understanding the molecular details has been hampered by the need to study the process in vivo. The present findings suggest that HB-EGF, which has primarily been studied in epithelial and tumor cells, plays a pivotal role in low FINR of the mouse carotid artery. Sustained low flow activated or increased the following elements within the HB-EGF signaling pathway: ROS, the ROS-sensitive HB-EGF sheddase TACE, expression of pro-HB-EGF, HB-EGF immunoreactivity, the HB-EGF receptor EGFR, ERK1/2, and the transcription factor NF-B. These changes were associated with proliferation, increased leukocyte density, wall hypertrophy, and lumen narrowing. Heterozygous and homozygous deletion of HB-EGF alleles caused "dose-dependent-like" inhibition of FINR (although inhibition of lumen narrowing was in some situations spared (see below), where proliferation and leukocyte accumulation were reduced and FINR almost abolished in HB-EGF Ϫ/Ϫ . Inhibition was also obtained by genetic and pharmacological reduction in ROS generation and inhibition of EGFR activation. FINR was unaffected in mice deficient in the EGFR ligand family members betacellulin and amphiregulin. Interestingly, none of the above interventions affected high flow-induced eutrophic positive remodeling of the right carotid artery. This suggests that low and high flow-mediated remodeling are achieved by unique mechanisms. A second intriguing observation is that in FINR, significant inhibition of wall hypertrophy in HB-EGF ϩ/Ϫ and p47 phoxϪ/Ϫ mice and, with AG1478 or apocynin treatment, did not inhibit lumen narrowing (an exception was in HB-EGF Ϫ/Ϫ mice, but their baseline diameters trended lower for unapparent reasons). This suggests that HB-EGF signaling is necessary for the hypertrophic response in FINR but not for the mechanisms that cause lumen narrowing. The latter mechanisms may be driven in a negative feedback manner to normalize shear stress. This is the first report identifying a role for the HB-EGF pathway in flow-induced remodeling.
Although HB-EGF is well known to activate EGFR and downstream mechanisms including Akt and ERK1/2 in SMCs, ECs, and other cell types, few studies have investigated possible links among reduced shear stress, ROS, and HB-EGF activation. Reduced shear stress causes rapid increase in HB-EGF expression in ECs. 19 Low or disturbed shear stress promotes inflammatory-like conditions associated with increased ROS, 32 in particular, reduced NO, 35 increased expression of attractant and adhesion molecules that promote leukocyte transmigration, 3 and increased local angiotensin, endothelin, and norepinephrine activity that induce ROS-and HB-EGF-dependent GPCR transactivation of EGFR. 14, 15, 23 Although angiotensin and endothelin have not been examined in FINR, norepinephrine-induced trophic activity contributes significantly to FINR. 13 In agreement with the prominent role of SMC proliferation in FINR, 7, 10, 15 proliferation was inhibited in the media but not intima in HB-EGF Ϫ/Ϫ mice ( Figure 4A ), a finding consistent with the mitogenic action of HB-EGF on SMCs but not ECs. 18 Besides SMCs, leukocytes and ECs (and possibly adventitial fibroblasts) also release HB-EGF and express EGFR in vitro. 18, 19 Indeed, our histological results confirm ROS, TACE and EGFR activity in each vascular layer. Thus, autocrine/paracrine HB-EGF activity in FINR could involve all 4 cell types. Additional studies are required to determine their relative contributions. It should be noted that only associative evidence is provided for 2 of the elements (TACE, ERK1/2) in the signaling pathway proposed herein, because, in the case of TACE, specific antagonists and genetic models (TACE Ϫ/Ϫ mice are embryonic lethal) are currently unavailable.
Primarily in vitro studies have shown that pro-HB-EGF is cleaved by ADAM family proteases and MMPs. 18 Evidence suggests that TACE (ADAM-17) is the primary mediator of HB-EGF shedding in many cells types, including SMCs, where proliferation and hypertrophy result. 23 In the present study, TACE immunoreactivity was elevated at the earliest time point examined after flow reduction (12 hours). ROS can increase MMP expression through ERK1/2, JNK, AP-1, and Ets-1. 36 Although this pathway has not been examined for TACE, TACE may be directly activated by a ROS-sensitive cysteine switch mechanism. 37 In the present study, systemic administration of the NAD(P)H oxidase inhibitor apocynin, as well as in p47 phoxϪ/Ϫ mice, resulted in potent inhibition of FINR, whereas increased mitochondrial ROS activity was not evident. Although the role of other sources of ROS and the specific ROS molecule(s) and pro-HB-EGF protease(s) that direct FINR remain to be determined, our findings demonstrate a primary role for NAD(P)H oxidase.
The observation that pro-HB-EGF expression occurs rapidly (hours) in response to reduced shear stress in ECs, 19 and to other stimuli in other cells, suggests that HB-EGF behaves as an immediate-early gene. 21 The HB-EGF promoter contains a consensus site for NF-B. 21 Binding of NF-B is redoxsensitive, and activation of NF-B by TNF-␣ and interleukin-1␤ has been linked to induction of ROS molecules. 34 Indeed, low shear stress in cultured ECs activates NF-B by a NAD(P)H oxidase-dependent mechanism. 32 Our results support the presence of this signaling sequence in arteries exposed to low flow in vivo. Interestingly, in HB-EGF Ϫ/Ϫ mice, activation of NF-B was unaffected in ECs but abolished in SMCs ( Figure 8D ), suggesting that low shear-induced activation of NF-B is upstream of HB-EGF in ECs but downstream in SMCs. Consistent with this, in SMCs NF-B did not induce expression of EGFR mRNA or protein, 38 whereas EGFR stimulation induced NF-B activation. 39 Others have found that NF-B in SMCs resides downstream of EGFR in a pathway inducing ERK1/2-and Akt-mediated proliferation and apoptosis. 40 Also, peak activation of NF-B occurred earlier in ECs than in SMCs ( Figure  8B) , possibly because ECs are more directly coupled mechanically to fluid shear stress than are SMCs.
Besides ECs and SMCs, FINR-induced leukocyte accumulation is also a potential source of HB-EGF. 18, 26 Activated macrophages exhibit increased HB-EGF expression and release. 18, 26 In the present study, we confirmed earlier reports 13 for leukocyte accumulation in intima, media, and adventitia during FINR and detected reduction in HB-EGF Ϫ/Ϫ mice. Interestingly, HB-EGF promotes macrophage accumulation in ischemic heart. 31 Thus, HB-EGF release from vascular wall cells may contribute to recruitment of inflammatory cells that further increase local HB-EGF activity. We did not find that reduced leukocyte density in HB-EGF Ϫ/Ϫ mice was accompanied by reduced circulating leukocyte counts or migratory capacity. However, pharmacological depletion of macrophages reduced FINR of small branches of the mesenteric artery. 12 Whether the association of reduced leukocyte density and reduced FINR in that study 12 and the present study extends from less HB-EGF in the wall coming from fewer infiltrated cells, or from the attendant lower levels of cytokines such as interleukin-1/6 and TNF-␣ that induce HB-EGF in vascular wall cells, awaits studies using selective leukocyte depletion of HB-EGF.
Partial inhibition of FINR was obtained with chronic systemic administration of the EGFR antagonist AG1478-mesylate ( Figure 3E ). We did use a higher dose to test for incomplete blockade because of potential nonspecific effects. 27 However, ErbB receptor-ligand interactions could also underlie the partial inhibition. ErbB1 (EGFR) and ErbB4 have different biological functions. 18 Proliferation is mediated by ErbB1, whereas chemotaxis is mediated by ErbB4. 18 Also, ErbB2 (for which no ligand has been identified) forms heterodimers with ErbB1 or ErbB4 which may induce crosstalk among downstream pathways promoting proliferation or migration. 18 Neither ErbB2 nor ErbB4 is blocked by AG1478. In addition, Higashiyama and colleagues have recently identified an intracellular signaling pathway activated by pro-HB-EGF cleavage, 41 wherein the intracellular carboxy-terminal remnant (HB-EGF-C) interacts with the transcriptional regulator promyelocytic leukemia zinc finger (PLZF), resulting in increased proliferation. This mechanism, which is independent of EGFR, thus not inhibited by AG1478, could contribute to the residual FINR in the presence of AG1478 that we observed.
In conclusion, the present study has identified a central role for ROS3 HB-EGF3 EGFR signaling in hypertrophic low flow-induced arterial remodeling. Besides physiological remodeling, this pathway may also contribute to pathological pro-cesses. For example, oxidized LDL and remnant lipoproteins induce HB-EGF, 24 and HB-EGF increases expression of oxidized LDL receptor. 25 TACE, pro-HB-EGF, and EGFR are increased in human atheromas and in those of animals with experimentally induced atherosclerosis. 17, 26 Furthermore, plasma HB-EGF is increased in patients with atherosclerosis. 18 It is, therefore, intriguing to hypothesize that increased HB-EGF signaling may impair the important adaptive outward remodeling response that occurs at sites of expanding atheromas along arteries. 3 If this were true, inhibition of pathway activity may enhance this process and promote preservation of lumen area. Our finding that HB-EGF signaling is not involved in flowinduced positive remodeling suggests that blocking adverse effects of excessive HB-EGF activity may leave this important physiological mechanism intact.
